ABSTRACT Ambient backscatter is a new technology that uses ambient signals to enable communication between battery-free tags (or sensors) and readers. Previous studies on ambient backscatter focused on scenarios with only one tag. In this paper, we investigate the ambient backscatter communication system with multiple tags and analyze the performance of tag selection. Specifically, we formulate a tag selection scheme and design the corresponding detection method. Our results indicate that obtaining the closed-form bit-error rate (BER) in such cases is challenging; hence, we provide a solution for deriving an approximate BER. The simulation results show that the approximated BER curves are in agreement with the exact curves.
I. INTRODUCTION
Currently, radio frequency identification (RFID) systems represent a key technology of the Internet of Things (IoT) [1] and have received increasing interest and extensive applications [2] . A typical RFID system consists of one reader and one tag. The reader transmits radio waves to power up the tag and then the tag receives, modulates and backscatters the waves [3] .
In available RFID systems, the reader must transmit special radio signals to power the tag. In other words, a special radio-transmitting device is required for traditional backscatter systems. However, some methods that can eliminate the requirement for special devices by using ubiquitous and available signals was introduced. In [4] and [5] , opportunity signals, the available signals around us, were used for location. In [6] , the paradigm of Piggyback communications using opportunity signals to transmit was presented. In [7] , the ambient backscatter system with practical prototype was created. In this paper, we focused on ambient backscatter systems.
Compared with the traditional backscatter of RFID systems, ambient backscatter uses surrounding wireless signals to communicate, such as television (TV) signals [7] and Wireless Fidelity (WiFi) signals [8] , [9] . The tag can harvest wireless energy from ambient radio frequency (RF) signals and backscatter the signal to communicate with the reader. Specifically, the tag transmits ''1'' or ''0'' bits by backscattering (or not) the signal, and the reader differentiates the two states between backscattering or non-backscattering with certain signal-processing algorithms to recover the ''1'' or ''0'' bits. Without the necessity of specific devices to provide energy, the cost of implementation and maintenance of ambient backscatter systems can be greatly reduced [10] .
Ambient backscatter has attracted considerable attention. In 2014, a turbocharging ambient backscatter system with multi-antenna cancellation design and new coding mechanism was suggested to increase communication rates and ranges [11] . In the same year, WiFi-Backscatter was introduced to bridge RF-powered devices with ubiquitous and commodity WiFi devices [8] . In 2015, applying full-duplex technology, BackFi system proposed in [9] made a remarkable improvement of WiFi backscatter system that achieves communication rates of up to 5 Mbps at a range of 1 meter and 1 Mbps at a range of 5 meters. In 2016, frequency-shifted backscatter shifting the carrier signal to an adjacent nonoverlapping frequency band to enable more robust decoding was created to prove the practicability of ambient backscatter in typical mobile and static on-body sensing scenarios [12] . In addition, novel Inter-Technology Backscatter can transform Bluetooth signals to WiFi or ZigBee-compatible signals using backscatter communications [13] . Also, the new fully asymmetric backscatter communication protocol [14] , the novel sensing architecture of backscatter platform [15] and the low power backscatter system entirely using commodity WiFi [16] were proposed.
Several theoretical studies of ambient backscatter were recently reported. In [17] - [19] , assuming the ambient signals as complex equivalent signals, the system models of ambient backscatter system were created, several detection algorithms were introduced, and the bit error rate (BER) analysis and simulation verification were also provided. In [20] - [22] , with the assumption that ambient signals follow zero-mean circularly symmetric complex Gaussian distributions, the noncoherent detection and the differential encoding were introduced and corresponding performance analysis was provided. In [23] and [24] , the ambient backscatter system over orthogonal frequency division multiplexing (OFDM) singals was analyzed, which includes BER performance analysis, data rate analysis and ergodic and outage capacity analysis.
Most previous studies on ambient backscatter have focused on the scenarios with a single tag. In practice, extensive applications utilize multiple tags. Subsequently, selecting the tag and detecting its signals represent key problems for the reader.
In this paper, we study the signal detection process for the ambient backscatter system with multiple tags. Specifically, we formulate a new transmission model and design a transmission protocol with tag selection. Because the closed-form BER is challenging to derive, we provide an approximate BER expression. Finally, simulation results are provided to corroborate our analytical results.
The rest of the paper is organized as follows. Section II builds up the theoretical system model for ambient backscatter communication systems with multiple tags. Section III presents the tag selection criteria and the detection algorithm. Section IV analyzes the BER performance and derive the approximate BER. Simulation results are provided in Section V and Section VI concludes the paper.
II. SYSTEM MODEL
Let us consider the ambient backscatter communication system presented in Fig. 1 . The system consists of one reader and multiple tags. The tags use the ambient signals transmitted by certain RF sources to communicate with the reader. The RF source may be a wireless signal from a TV tower [7] , a WiFi gateway [8] , or a mobile telephone.
Suppose that the number of tags is K . Denote the channel between the RF source and the k-th tag as h k , the channel between the reader and the tags as g k , and the channel between the RF source and the reader as h r . The channels h k , g k and h r are assumed to follow complex zero-mean Gaussian distributions [25] 
, and σ 2 h r are the corresponding channel variances. All channels are assumed to be independent and identically distributed (i.i.d) to one another.
Suppose that the complex baseband equivalent signal transmitted by the RF source is s(n), which may represent the typical phase shift keying (PSK) signals. All tags simultaneously receive the RF signal from the RF source, whereas only one tag, which is denoted as the k-th tag, responds and transmits its own binary signal B k (n) to the reader. Specifically, if B k (n) = 0, then the tag changes its impedance so that little energy of s(n) can be reflected; however, if B k (n) = 1, the tag switches the antenna impedance so that the signal can be scattered and the reader receives the scattered signal [7] . Therefore, the signals received and backscattered by the tag are h k s(n) and ηh k B k (n)s(n), respectively. Here, η indicates the complex attenuation of signal s(n) in each tag.
Subsequently, the reader receives signals from both the RF source and the tag as
where w(n) is the noise. We assume that w(n) ∼ CN (0, N w ). Our transmission process follows the slotted structure shown in Fig. 2 . Each slot is divided into three subslots: 1) The first subslot contains N P = (K + 1)N 0 symbols.
In the first N 0 symbols of this subslot, no tags will backscatter the RF signal, which implies that B k (n) = 0 for all 1 ≤ k ≤ K . In the following KN 0 symbols, each tag will backscatter the RF signal in turn; thus, in the k-th N 0 symbols, only the k-th tag will backscatter the RF signal.
2) The reader selects a tag with a good transmission condition according to certain criteria. This subslot contains N S symbols.
3) The selected tag in the second subslot transmits Q symbols to the reader, and the other tags remain silent. The transmission of one tag symbol includes backscattering or not backscattering N t RF source symbols. Clearly, the third subslot contains N T = QN t symbols.
Remark 1: According to [26] , we can suppose that all tags are in sleeping mode unless it is awaked to backscatter signals. Also, we assume perfect synchronization between the reader and the tags.
III. TAG SELECTION AND SIGNAL DETECTION A. TAG SELECTION
In the first subslot, we can further obtain the signal that the reader receives as
where µ k = h r + h k g k η is the combined channel and k ∈ [1, K ]. We assume that µ k follows a Gaussian distribution, i.e., µ k ∼ CN (0, σ 2 µ k ). Remark 2: We suppose that the tags are static which are placed at some fixed positions to collect environmental parameters, so that the channels between the tags and the reader can be considered as time-invariant. Therefore, channel estimation can be possibly performed at the reader [27] , [28] .
Remark 3: Utilizing the channel estimation methods suggested in [29] and [30] , the reader can obtain the combined channel information µ k . Also, the distance between the tags and the reader are close and with line-of-sight (LOS). Therefore, the channels g k can be assumed as constant and the combined channel µ k can be reasonably approximated as Gaussian.
In the second subslot, the reader calculates the average power (k) of the received signal as
where P s is the average power of the RF source signal s(n) and
Clearly, L 0 ≈ 0 and L 1 ≈ 0 when N 0 is large. The reader must differentiate between backscatter or nonbackscatter states to detect the tag signal B k (n). The key parameter in determining the reader detection performance is the channel disparity. Therefore, to obtain the minimum BER, we set the selection criteria aš
which indicates that we select theǩ-th tag that can provide the largest difference between |h r | 2 and |µ k | 2 .
B. SIGNAL DETECTION AT THE READER
In the third subslot, the selectedǩ-th tag transmits signals to the reader. Suppose that Q symbols must be transmitted and Bǩ (n) remain unchanged during continuous N t symbols of the source signal s(n), then the signal received by the reader is
where n ∈ [N P + N S + 1,
To detect the signal Bǩ (n), the reader first calculates the average energy of the received signals in the corresponding N t symbols as
where
and
According to a central limit theorem, L B0 and L B1 can be assumed to follow a Gaussian distribution as
, where
After subtracting N w from (6), we have
Remark 4: The equation (11) is for the simplicity of derivation. Clearly, 1 (q) can be either negative or positive, and (q) is absolutely positive.
Clearly, the Maximum likelihood detection detection rule becomeŝ
Let us set the detection threshold as
Thus, the ML rule can be rewritten aŝ
IV. BER ANALYSIS A. BER IN ONE SLOT
In most practical scenarios, cases in which ''0'' or ''1'' are transmitted equivocally. Therefore, Pr Bǩ (n) = 0 = Pr Bǩ (n) = 1 = 0.5. Thus, the BER P b of the ML detection can be obtained as
Suppose that the channels h r , h k and g k remain unchanged during at least one slot.
If
where α = N t P s 8N w and Q(·) is the Gaussian Q-function, which is defined as
Similarly, we can find that
If |µǩ | 2 < |h r | 2 , then
Substituting (16), (18), (19) and (20) into (15), we obtain
B. AVERAGE BER
To evaluate the BER performance of this model, we must average the instant BER in (21) over all slots as
= 0.5
where f M (m) and f N (n) are the probability density functions (PDFs) of M and N , respectively. Unfortunately, because the correlation between numerator and denominator of M and N is hard to find, the PDFs of M and N in (21) are difficult to derive, and obtaining the exact average BERP b is challenging. To address this problem, we take the following steps to find an approximate BER P b .
Define
where C 1 and C 2 are constants that can be determined by the values of the tag number K and the channel variances. Then, we can approximate P b in (21) as
Next, we can derive the PDF of |Zǩ |. Theorem 1: The PDF of the random variable |Zǩ | in (29) is given by
Finally, the averageP b can be approximated as
where f |Zǩ | (z) is the PDF of |Zǩ |, and it is provided in (32).
V. SIMULATION RESULTS
In this section, we numerically examine the proposed approximate BER analysis. The number of Monte-Carlo runs is 10 5 ; in each run, the channels are randomly generated from a complex normal distribution and selected based on the selection criteria in (4) . The noise variance is set as N w = 1, and the channel variances are set as σ 2
The number of samples that are averaged is N t = 5. First, we verify our derivation results of the PDF of |Zǩ |. Fig. 3 plots the theoretical results of the PDF of |Zǩ | for different numbers of tags K . For comparison, we also generate the random variable |Zǩ | through simulations and plot the corresponding PDFs in Fig. 3 . Clearly, the theoretical PDFs are consistent with our simulated PDFs when K changes. Next, we investigate the BER performance of our proposed detector. Fig. 4 shows the simulated BER versus the signal noise ratio (SNR) in the case of four different numbers of tags (K = 2, 4, 6, 8). For each K value, we gradually increase the SNR from 0 dB to 30 dB. The approximate BER in (33) curves are also plotted for comparison purposes, where we set C 1 and C 2 as 0.9 and 1.8, respectively. It can be seen from Fig. 4 that a larger number of tags and a higher SNR can lead to a lower BER. The agreement between our approximate BERs and the exact BERs can be easily validated, and the findings indicate the effectiveness of our proposed approximation.
VI. CONCLUSIONS
We investigated the BER performance of an ambient backscatter with multiple tags. Specifically, we built a theoretical model for a tag selection-based ambient backscatter communication system. Then we proposed a transmission protocol and a signal detection algorithm. Moreover, an approximate BER expression was proposed. Finally, simulations were provided to corroborate our proposed analytical results. Define Z k = X k − Y , the cumulative distribution function (CDF) of Z k can be written as Using the results of order statistics [31, Ch. 7, eq. (7)- (14)], the PDF of |Zǩ | can be written as
By substituting (A.4) into (A.8), we obtain (32).
